18 19 however, revealed an association between DNA methylation levels and genotype (rs2071094), 40 but not fertility phenotype. 41
Abstract 20
Background 21
In the past 15 years, numerous studies have described aberrant DNA methylation of imprinted 22 genes (e.g. MEST and H19) in sperm of infertile patients, but the prevalence and genomic 23 extent of abnormal methylation patterns have remained unknown. 24
Results 25
Using deep bisulfite sequencing (DBS), we screened swim-up sperm samples from 40 26 normozoospermic and 93 oligoasthenoteratozoospermic (OAT) patients for H19 and MEST 27 methylation. Based on this screening, we defined three patient groups: normal controls (NC), 28 abnormally methylated infertile (AMI; n=7) and normally methylated infertile (NMI; n=86). Whole 29 genome bisulfite sequencing (WGBS) of five NC and five AMI samples revealed abnormal 30 methylation levels of all 50 imprinting control regions in each AMI sample. To investigate 31 whether this finding reflected epigenetic germ line mosaicism or the presence of residual 32 somatic DNA, we made a genome-wide inventory of soma-germ cell specific DNA methylation. 33
We found that >2,000 germ cell-specific genes are promoter-methylated in blood and that AMI 34 samples had abnormal methylation levels at these genes, consistent with the presence of 35 somatic cell DNA. The comparison between the five NC and six NMI samples revealed 19 36 differentially methylated regions (DMRs), none of which could be validated in an independent 37 cohort of 40 men. Previous studies reported a higher incidence of epimutations at single CpG 38 sites in the CTCF-binding region 6 of H19 in infertile patients. DBS analysis of this locus, Our results suggest that somatic DNA contamination and genetic variation confound methylation 43 studies in sperm of infertile men. While we cannot exclude the existence of rare patients with 44 slightly abnormal sperm methylation at non-recurrent CpG sites, the prevalence of aberrant 45 methylation in swim-up purified sperm of infertile men has likely been overestimated, which is 46 reassuring for patients undergoing assisted reproduction. in the oocyte and embryo culture, which are commonly part of ART procedures [2] . Apart from 56 that, a number of studies have shown that male infertility itself is associated with aberrant DNA 57 methylation profiles, particularly of imprinted genes [3] [4] [5] [6] , suggesting that ART may facilitate the 58 transmission of imprinting errors in sperm cells to the next generation. This latter aspect is still, 59 notably, a matter of much debate [7] . 60 men with abnormal MEST methylation; 3) men with abnormal H19 methylation; 4) men with 91 impaired methylation patterns in both MEST and H19 [5, 17] . Employing deep bisulfite 92 sequencing at single-allele resolution, a constant proportion of sperm in 93 oligoasthenoteratozoospermic men was found aberrant in four analysed imprinted genes (H19, 94 MEG3 and MEST, KCNQ1OT1), whereas normozoospermic samples presented as an 95 epigenetically homogenous population [13] . 96
In addition to target gene approaches, individual studies have employed methylation arrays to 97 assess methylation changes at selected CpGs (up to 450,000) that may be present in sperm 98 from infertile men (see for example [18] and [6]). Interestingly, these studies did not report 99 alterations in the imprinted genes H19 and MEST but did identify CpG sites associated with 48 100
imprinted genes displaying aberrant methylation [6] . Apart from that, a number of additional 101
CpG sites throughout the genome, not associated with ICRs, showed aberrant DNA methylation 102 patterns [6, 18] . 103
As previous studies were largely focused on the analysis of a few imprinted genes and a small 104 fraction of genomic CpG sites, we set out to analyze the genome-wide DNA methylation 105 patterns of human sperm in normozoospermic and oligoasthenoteratozoospermic men. For this, 106
we used a combination of whole genome bisulfite sequencing (WGBS), which provides 107 information on the methylation status of nearly all of the 28,000,000 human CpGs sites, and 108 targeted deep bisulfite sequencing (DBS).
In order to select patients for whole genome bisulfite sequencing (WGBS) analysis, we 114 measured H19 (CTCF6 region) and MEST methylation levels by deep bisulfite sequencing 115 (DBS) of swim-up purified sperm DNA in a cohort of 40 normozoospermic (Normal) and 93 116 oligoasthenoteratozoospermic (Infertile) patients ( Fig. 1AB , Table 1 , Additional file 1: Tables S1 117 and S2). A principle component analysis (PCA) of H19 and MEST methylation values showed 118 that some infertile men clearly deviated from the remaining samples (Additional file 2: Fig. S1 ). 119
Since the first principal component (PC1) explains most of the variability of the samples, we 120 considered samples with PC1 score < 0.1 as normally methylated and with PC1 score ≥ 0.1 as 121 abnormally methylated. According to this threshold we subdivided the patients into normally 122 methylated normal controls (NC, n=40), abnormally methylated infertile (AMI, n=7) and normally 123 methylated infertile men (NMI, n=86) ( Fig. 1C For WGBS we chose five NC, five AMI and six NMI samples ( Fig. 1D ). Following the 128 recommendations by Ziller et al. [19] , we sequenced the samples at 13-16× coverage 129 (Additional file 1: Table S3 ). For comparative analyses, we used previously generated WGBS 130 data of isogenic blood and sperm samples of 12 normozoospermic men (two pools of six 131 individuals each) [20] . 132 133
Evaluation of whole methylome data for the 50 known imprinting control regions 134
In order to determine whether, in addition to MEST and H19, other imprinted loci were also 135 affected by aberrant methylation, we analysed the WGBS methylation values for the 50 known 136 maternally and paternally methylated ICRs [21] . We found that the five AMI samples had 137 abnormal methylation levels at all ICRs and that the degree of aberrant methylation at these 138 regions was highly correlated within each sample ( Table S4 ). In contrast, the ICR methylation values for the six NMI samples were similar to 140 the observed values in NC samples. Moreover, a PCA of the 15 methylomes revealed that the 141 AMI samples span across the PC1 axis, while NC and NMI samples group together and in the 142 opposite extreme compared to the blood samples (Additional file 2: Fig. S3 ). 143 144
Inventory of differentially methylated regions between sperm and blood derived somatic 145 cells 146
To investigate whether the aberrant methylation levels in the AMI group reflect epigenetic germ 147 line mosaicism or the presence of previously undetected somatic DNA, we made an inventory of 148 soma-germ cell specific methylation differences. For this, we compared published WGBS data 149 of isogenic blood and sperm samples of 12 normozoospermic men [20] with two different 150 bioinformatic tools (camel and metilene) to identify methylation differences. By defining a 151 differentially methylated region (DMR) as a region of at least 10 CpGs with a methylation 152 difference of at least 80% and a minimum coverage of five reads, we detected 32,686 DMRs, of 153 which 6,159 overlap the promoter of 5,892 genes ( Fig. 3A ). Of these genes, 2,462 were among 154 the 8,175 genes previously shown to be expressed in germ cells and not in testicular somatic 155 cells [22] and which are putatively regulated by DNA methylation of 2,764 DMRs (Additional file 156 1: Table S5 ). In line with the expression analysis, almost all of these gene promoters were 157 methylated in blood and unmethylated in sperm. Analysis of the methylation levels of the 2,764 158
DMRs revealed that the five AMI samples have aberrant methylation at all soma-sperm specific 159 differentially methylated genes ( Fig. 3B , Additional file 2: Fig. S4 and Additional file 1: Table S5 ). Table S6 ). We found that the DMRs are unable to distinguish sperm of fertile men from sperm of 168 infertile men (Additional file 2: Fig. S5 ). Rather, they discriminate between clean sperm samples 169 and sperm samples containing somatic DNA, as the 50 ICR DMRs and our inventory of 2,764 170 soma-sperm DMRs do, but the latter do so with higher sensitivity (Fig. 2 and Fig. 3 ). 171
To further validate the findings in our patients, we performed DBS for XIST and DDX4 loci, the 93 infertile patient samples used in the initial screening (Additional file 1: Table S2 ). We 174 further confirmed that each of the five AMI that were subjected to WGBS showed an aberrant 175 methylation level at these two loci, which was highly correlated with the aberrant methylation in 176 both the imprinted regions and the soma-sperm specific differentially methylated genes. All 177 normal controls and 77 of the normally methylated infertile were found to have the expected 178
XIST and DDX4 methylation levels (<6%; Additional file 2: Fig. S6 ). From the two AMI samples 179 not analysed by WGBS, one (SOAT7) was shown to have DDX4 methylation levels consistent 180 with the presence of somatic cell DNA (Additional file 1: Table S2 ). The other (SOAT6) showed 181 aberrant methylation levels for H19 CTCF6, but was considered normal for MEST, XIST and 182 DDX4 (Additional file 2: Fig. S7 ). This sample had a similar pattern in the CTCF4 region of H19, 183 but the fraction of completely unmethylated reads was smaller. We sequenced additional ICRs 184 and compared the DBS methylation levels in this sample (Additional file 2: Fig. S7 ) with that of a 185 representative NC (VN25, Additional file 2: Fig. S8 ). SOAT6 has a very small proportion of 186 completely methylated reads in the XIST, KCNQOT1 and PEG10 amplicons. In summary, we 187 conclude that despite swim-up purification, somatic cell DNA was still present in some NMI and 188 AMI samples and therefore these samples were excluded from further analysis. 189 190
Identification of differentially methylated regions in sperm from normal and 191 oligoasthenoteratozoospermic men 192
To identify true DMRs between the sperm of fertile and infertile men, we compared the genome-193 wide methylomes of six NMI and five NC sperm samples that are devoid of somatic DNA. (Fig.  194 4A). Using two different bioinformatic tools, we identified 103 DMRs with at least five CpGs, a 195 methylation difference of at least 0.3 and a minimum coverage of five reads (Additional file 1: 196 Table S7 ). Since the genetic background (i.e. DNA polymorphisms) may affect DNA methylation 197
[25], some DMRs may display a higher range of values within a group. Therefore, to reduce the 198 potential influence of the genetic background, we limited the range of methylation values within 199 the normozoospermic group to 0.3, thus keeping 19 of the 103 DMRs ( Fig. 4A and Additional 200 file 1: Table S7 ). Three of the 19 DMRs were hypermethylated in normozoospermic samples, 201 while the remaining 16 were hypermethylated in the NMI patients ( Fig. 4B and Additional file 1: 202 Table S7 ). 203
In order to validate the DMRs in an independent cohort, we established reliable targeted DBS 204 assays for 17 DMRs (Additional file 1: Table S8 ; specific primers could not be designed for 205 DMR6 and DMR12 due to the presence of highly homologous sequences in the genome). to XIST and DDX4 assay results (n=118, NC=40, NMI=77, AMI=1; Additional file 1: Table S13 ). 223
This analysis showed that the variation in PC1 was mainly due to the CpG3 methylation levels 224 (Additional file 2: Fig. S10 ). The peculiarity of CpG3 is also visible in the amplikyzer plots ( Fig.  225 1C, Additional file 2: Fig. S7 and S8 ). CpG3 is in the vicinity of a G/A-SNP (rs10732516; Fig.  226 5A). Since the genotype of this SNP is masked by bisulfite treatment, we used the nearby 227 rs2071094 SNP, which is in high linkage disequilibrium (r 2 =0.99 and D'=1 according to 228 annotations by HaploReg v4.1 [33]) to investigate the possible effects of these SNPs on H19 229 methylation values. Such an effect has previously been reported in blood and placenta [34, 35] . 230
We observed that individuals clustered in the PCA according to their rs2071094 genotype (AA, 231 AT, TT) ( Fig. 5B ). TT men showed a significantly lower CpG3 methylation compared to the 232 individuals with AT or AA genotype (Fig. 5C ), and AT men showed a significantly lower 233 methylation in the reads containing the T allele compared to the A ( Fig. 5D and Additional file 1: 234
Tables S14 and S15). Finally, the subdivision of patients according to the diagnosis (NC or NMI) 235 did not show any significant difference between normal and infertile patients sharing the same 236 genotype ( Fig. 5E ). This shows that the methylation level of CpG3 is affected by genetic 237 variation irrespective of the fertility status. 238 239 Discussion 240 Aberrant DNA methylation patterns of imprinted genes have been reported in semen samples 241 from infertile men in a number of studies [16, 36] . While the majority of studies focused on the 242 analysis of selected ICRs, mainly MEST and H19, these reports still differed with regard to the 243 observed differences between normal and infertile men. Specifically, aberrant methylation 244 patterns for only MEST or H19 were described in some patients, whereas others apparently 245 carried a subpopulation of sperm which showed the same degree of aberrant imprinting in 246 multiple imprinted genes (MEST, LIT1, H19, MEG3) and thereby indicated epigenetic 247 mosaicism in sperm from OAT men [13] . As these epigenetic aberrations might be transmitted 248 to the offspring, it was a clinical necessity to assess the extent of these aberrations, not only for 249 selected genes, but also for the entire genome. To this end, this study sought to assess the 250 DNA methylation levels in normal and severely impaired spermatogenesis by whole genome 251 and ultra-deep bisulfite sequencing. 252
In the screening process of the 93 samples from patients with severe 253 oligoasthenoteratozoospermia, which make our study one of the largest in its field, only 1% 254 showed aberrant methylation for MEST and also 1% for H19. Five per cent of samples 255 appeared to be aberrantly methylated at both imprinted genes, whereas the great majority 256 It is surprising that so many genes, both protein and non-protein coding genes, appear to be 308 regulated by promoter methylation. Most often, cellular differentiation does not involve promoter 309 methylation, but methylation of distal regulatory elements such as enhancers. Interestingly, 310 most of the 2,462 genes are methylated in blood cells and unmethylated in germ cells. This 311 suggests that these genes need to be permanently silenced in somatic cells. Since many of 312 these genes play a role in meiosis, it is tempting to speculate that these genes are permanently 313 silenced in somatic cells to prevent them from interfering with mitosis. 314
When comparing the genome-wide methylomes of sperm samples from fertile and infertile 315 patients displaying normal MEST and H19 methylation levels we did not find any recurrent 316 methylation difference between the two groups. This is in contrast to a recent report in which the 317 authors claim to have identified 217 DMRs between unpurified sperm from nine fertile and 12 318 infertile men [23]. However, as shown here, the methylation levels at these regions reflect the 319 admixture of somatic DNA and are not biomarkers of infertility. 320
Our findings show that the DNA methylation patterns of clean sperm are normal, which is 321 reassuring for patients undergoing ART treatment. It is possible that spermatogonia with DNA methylation abnormalities exist, but they likely do not contribute to the mature, swimming sperm 323 population, suggesting that cells with an abnormal methylome may be counter-selected at later 324 stages of spermatogenesis. It is of note though, that we only considered regions consisting of 325 more than five CpG sites for our analysis, which is in contrast to previous publications 326 performing array analysis and considering individual CpG sites [6, 18] . It should be noted, 327 however, that aberrant methylation restricted to one or a few CpGs of an ICR, if real, is unlikely 328 to be of clinical relevance, because in all patients with an imprinting disease based on imprinting 329 errors, almost all CpGs of an ICR are affected [39, 40] . 330 331
Conclusions

332
Our results suggest that the undetected presence of somatic DNA as well as genetic variation 333 confound methylation studies in sperm of infertile men. After controlling for these confounders, 334
we have found no evidence for recurrent epimutation in imprinted genes or elsewhere in the 335 genome in sperm of severely oligoasthenoteratozoospermic men. While we are aware that 336 WGBS is underpowered to detect rare patients with slightly abnormal sperm methylation levels 337 at non-recurrent CpG sites, we conclude that the prevalence of aberrant methylation in infertile 338 men has likely been overestimated, which is reassuring for patients undergoing ART treatment. 339
In the course of this study, we have also found that a large number of germ cell-specific genes 340 are regulated by promoter methylation. The list of soma-germ cell specific DMRs can be used 341 for assessing the quality of sperm preparations and for studying the epigenetic regulation of 342 spermatogenesis in more details. Swim-up procedure was used to isolate the motile sperm cells, in line with preparation of 361 samples for assisted reproductive technology treatment. Briefly, after an incubation period of 30 362 minutes (min) at 37°C, 1-2 ml of ejaculate were mixed with the same amount of sperm 363 preparation medium (Origio, Denmark), by using a cell culture tested disposable pipette. The 364 mixture was then centrifuged at 390 g for 10 min, the supernatant decanted and the remaining 365 drops aspirated. The pellet was washed with 2 ml of medium and centrifuged at 390 g for 10 366 min. After removing the supernatant 1 ml of medium was carefully added to the pellet in order to 367 not dissolve or wash it off. As a precaution the tube was briefly centrifuged for 1 minute at 390 g 368 and then incubated for 60 min at 37°C and 5% CO 2. After 1 hour of incubation, 500-700 µl of the 369 uppermost layer were collected and stored in a small cell culture tube. 20 µl of the cell 370 suspension were used to determine the sperm concentration in a Neubauer improved counting chamber (Additional file 1: Table S1 ).The rest of the volume was further centrifuged for 5 min at 372 16,060 g, the supernatant was discarded and the sperm pellet was stored at -20°C. 373
374
DNA isolation and bisulfite conversion 375
The DNA isolation was performed on the swim up purified sperm using the MasterPure DNA 376 purification kit (Epicentre Biotechnologies, Madison, WI, USA) as previously described [13] . Table S11 ). 515
Statistical analyses showed no differences between the two groups (Additional file 1: Table  516 S12). Box plots elements are defined as follows: center line: median; box limits: upper and lower 517 quartiles; whiskers: 1.5× interquartile range; points: outliers. 518 
